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Abstract

When o parallel vesonant tank is cxeited by a bipolar
current pu win a sinusoidal voltage devclops across the
tank whose amplitude depends on the duty cycle of the pulse
train. An isolated sccondary can be derived by applying the
tank voltage to an isolation transformncr whose magnetizing
inductance acls as the resonant inductor of the touk
cireuil. A de outpul voltage is oblained afler vectification
and  fillering of the sinusoidadd sccondary wvollage  and
requlation is achicved by controlling the duty-cycle of the
pulse train. The sinusoidal nature of the voltage across the
wsolation transformer alleviates some of the noise problems
associated  with  parasitic  capacitances of an  isolation
transformer when operated with square voltage waveforins.
In this work the de and small-signal analysis of the
converter is given and an equivalent swmell-signal circuit
modcl is devived. Brperimental results which coufarm the
validity of the wmodel are presented.

Introduction

The converter desaribed and analyzed iu this paper has
Leen known 1o a few designers for many years however it
has remained relatively obscure in the general literature
and has not been analyzed adequately - specially its sinall-
signal  characteristics. The  converter  operates on a
relatively simple principal as shown in Fig. 1. A current
pulse traiu, 7,(0), of adjustable duty cycle 1s applied to a
parallel resonant cirenit whose resonant frequency is the
same as the frequency of the pulse train. The resonant
frequency and the duty cycle shown in Figs. Ta and 1b are
defined as follows

Poe o ] I
i ()

D= :“ (2)

The magnitude of the periodic voltage waveform that
develops across the tank cireuit depends on the duty-eycle
of the pulse train. The tank voltage is then rectificd and
applicd to a low pass filter to yicld a de yvoltage at its
ontput whose magnitnde in turn can be regulated by

(0)

Figure 1 a) The basic principle of operation of the PWRM-resonant
converler and b its associated cireuit waveforms.

adjnsting the duty cycle of the pulse-train. Practical
realizations of the pulsating current source 4)(t) using a
feed inductor Lowith a full-bridge or a half-bridge imverter
circuit. are shown in Figs. 2a and 2b respectively. The
magnelizing  inductance of the isolation transformer in
these cirenits serves as the resonant inductor of the tank
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Figure 2 a) I'nll-Bridge version and b) half bridge version of the 1?'WM-resonant converter.

circuit. The diode Dy conducts dwring 7', <t <7,/2 when
the tank is disconnected from the input feed inductor I in
order to reset L. The conversion ratio of this circuit can he
casily shown to be independent of the load and given by

N’Z
M= My 3)

where My is the intrinsic conversion ratio given by

V.o D4 11,711) 1)/11,
Myl sin(a 1/2) (1)

Inorder tar maintain M >0, the (1inty-cycte is test] ictedio
the range

] 3
1 ayfny <b<d (5)

Usnally, the feed inductor 1 is wonnd bi-filar so that
iy oy and the intrinsic conversion ratio is given by:

Vo
M, Voo 2D

T sin(aD/2) i ; <p<ld (6)

Vy

The primary practica) advanitage of this comvertar is
that  the isolation tran sformer operates with sinsoidal
ratherthansquare voltagewave antits, This is particnlarly
useful 1 overcoming p roble ms associated with the stray
capacitances of an isolation transformer in high voltape
and/o Jow applications.  Theicare sever il piia (1
topalogies that can achieve the same function, notably the
forward mulli resonant converter [ 1], but this cirenit is
considerably simpler , casier t o design and bet tex suit ed fo
medinm switching frequency of operation (< 100kH 7).

The following notation is used in this paper:

X (D) : steady-state instantancons waveform,

% () = modulated instantancous waveform,
X : average value of steady-state waveform or DC.
r= X4 7: modulated average value.

#: small signal modulation in 2.

DO Analysis

The circuitinFig. 1a willbe used for de analysis. It will be
assuned that the cor 1,(,1,( wents are ideal and the oul put
filt e1 inductor L, aud the feed inductor L ave large enongh
that they act as current sources 1, and 1, respectively. We
begin by ascertaining the time relationship among, the
resonant tank volt age V (1), the reflected bridge ¢ wrn ent,
1,(1), and the inverted current pulse train, 7,(¢), shown in
Fig. 11, . The amplitudes of these pulses, 1), and 1,
repr esent the aver age carrent in the feed inductor 1 (not to
be confused with the winding current ju oy which i s
discontimous and the unipolar version of l,(l;, eS|
see al so explanation Jopliesh

n the outpiier jnduen pndy @“Wll@(’]!!i‘él: current,
respectively. The periodic voltage waveformn across the
tank  cirenit, V1), commulates  the rectifier  bridge
resulting in the cwrrent Ip(t) which is in time Phase wil,
V(1) as shown Fig, 1h. The fundama al component i
W) given by

-2

/7, ;
47, sma D/J2 (1)
and the funda men tal component in T,(1) given by

41

’7('“ (8)
must be equal and in pha se, because the impedance of the
tank at the resonant frequency, wliich is equal to that of
the excit al jon o the fundamental, i s infinite. This
¢ stabli she s the redative positions o 1,(t) aud F5(¢) in time
shown in Fig. 1 b and allows us to determine the aver age
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Figure 3 The input feed inductor and its assockated wavelorms

(7) and (8)

current gain 1,71, by equating Fqs

1
u“‘” sina /2 (9)

The relationship of the average input current to 1, remains
to he determined in order to obtain the conversion ratio of
the converter. The input current is shown in Fig 3 whence
it can be seen that

1, <To (0> = DI - (- g/, (10)

from which the desired current gain is obtained

1.

o PO fug) -/ an

The ideal intrinsic conversion ratio follows by substitition

of . (11) in Eq. (9)

M, - T Vo DO nyfny)- nyfny, (12)

1, vV, in(w /2

o 9

An equivalent civenit for the two-step conversion is shown
in Jig. 4. When an isolation transformer is used, the turns
ratio is included as given by Fq. (3).

The average voltages Vv, and vV, and the average
cuwrrent, I, in L which appear in Fig. 4 require some

1 esenh/2

Iigure 4 DC cquivalent circuit model.

further  darification. Because of the flyback mode of
operation of 1, the current through it commutates hetween
the two windings n; and n, and docs not flow in a
continuous circuit. ____:m makes it hard to visualize the
contimions current (flux) in L and its relationship to the
circuit in Fig. 4. Likewisc the average voltages v, and Vv,
in Fig. 4 do not appear in any one place in the original
cirenit (under de conditions V, = V). These guantities can
be physically visualized with ::. aid of Fig. 5 in which the
resetting  mechanism  has been  expanded by the
introduction of ¥ n/u, and some additional switches. This
cirenit operates ex ::% the same way as the original
circuit and all the waveforms of the original cireuit are
seen 1o be prese 22_ (except for the input current T;,(1)
whicli in this case has split hetween the two sources V and
Vo /uy.) Furthermore, the continuous current, 10, in L
and the voltage 53 can both be seen cx_._:zq The
average value of T,(1) is given by

<T>: 1, (13)
In the forgoing analysis the ripple component of T, (1) was
ignored making the top of the pulse train 7 ﬁ: flat and of

lat
amplitude 1,. The average value of V(1) in —. . b s given
hv

s <Vp0)> = vyp- -

TADU A 1y fug) - g fuy) (14)
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Figure H Expansion of the fyback rest mechanisin of L. S
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which is consistent with Fig. 4. Henee the “transformer” of
s lili‘iU ({1 “1/“2)‘ u,/u.l} Is  an  averape
representation of the nonlincar resetting mechanism which
relates the average input current to the average inducto
current and the input voltage o the average voltage V.

The second transformation, lresen D/2, in Fig. 4 is an
averape representation of the inversion and rectification
nonlinear mechanisins which relates the average currents
1, and 1, and the average voltages Vy and Vo In steady
state, 4= 4, and V= VL

Since the tank circuit is excited at resonance, the
voltage waveform across it is nearly sinusoidal whose peak
value is the peak voltage stress on the switches and the
resonant capacitor. This peak can be determined by noting
that the average rectified tauk voltage is equal to the
ontput voltage which for a rectified sinusoidal waveforin is
given by

~

v, o< V) > s < VRO > > v 2/

o

(15)

Hence, the maximum voliage on the switches and the
resonant  capacitor is given by (including an isolation
transformer)

A

V .
2 B
2N,

Voke (16)

)
Vinax

i which

1 full bridge
ke a7
2 half-bridge

The peak cmrvent which the switches  commutate s
approximately 1, (ignoring the ripple in 1) the maximum
value of which oceurs at full load. Hence by Eq. (9)

AI
1 “iar 2
1

Sm (u: :%ill(ﬂ l)””»“ /?) N (18)
The eritical values of the output and input filter inductors
can be shown to be given by (see Appendix)

I 5.26 x 10" 2V,
o T g
crit I

sto .
min

(19a)

Ly . :(NZ/N1)2"/” i (19h)

cril

Swnall Signal Analysis

The peculiar featnre of the small-signal dynamics of this
converter is the imteraction of the resonant tank with tle
average quantities which oceur in the input and output
side s of the converter but not inthe resonant tank. 1'ro 111 a
communication  point-of-view. any modulation in  the
out put voltage, mput Vo tage, input cawrrent o1 output
cmrrent is @ base-hand information which appears ericoded
in the envelope of the yesonant tank voll age %,,(1) as an
AM signal. The interaction of an AM signal with a

narrowhand {ilter centered at the carrier frequency has
been studied thoroughly in conmmunication cirenits [2] and
an efficient technigue for analyzing this interaction has
been  devised. The  techmigue  preseuted  liere s an
adaptation of the techmigue nsed in communication drenits
andl has heen successfully hnplemented before in a related
cincuit deseribed in [3]. Before tackling the problem of the
imteraction of the resonant voltage with the average
quaniitics, the interaction among the modulated average
quantities will be studied first.

The average mpug carrent is related to the average
inductor current by the input side of the equivalent circuit
in ¥Fig. 4 and by the (nonlinear) resetting mechanisin given
by Eq. (11)  which is rewritten here according to the
convention in the introduction as

T ag (A1 /ng) my/ng) (20a)

Also; according to the cquivalent circuitin Fig. 4 the
averape voltages on botly sides of the “transforn yar” are
related by

vyr 1(11(1-111,71),) g [uy)

(200)

A small signal perturbation and lincarization (1f 1q. (20a)
and (20b) yield

s 0ADO A ny ) w104 nyfuyd  (21a)
B2, (D4 TL/2 10y fny) AV (g fu)d (211)
A 11 cquivalent cireuit representation of Fgs. (21a) and
(21b) is snown in Fig. Ga.
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Figare 6 Swall Signal  equivalent cirenit auodel of  the  a)

(DO 11,7112)- 0y /) and b) Bresea D /2 transforme s in 1 ig. 4.




The next step is to perturb and lincarize the second
transformation represented by the liesea /2 “transformer”

in Fig. 4. This transformation is an average representation

of the inversion and rectification mechanism  in the
presence of the tank circuit. We have
i s dgesendf2 (224)
v, = vy cscadf2 (22h)

A sinallsignal perturbation and lincarization of ¥q. (22a)
and (221 yields (note that in steady state 1,: 1)

5 cosa Df2 -

i = m,\ eseaDf2- 1.5 iuta D9 d (23a)

(231)

o Uy esaaDf2- Vg - d

An equivalent circuit representation of Fgs. (23a) and
(23b) 15 shown in Fig. Gb in which

K, = m cota /2 (23¢)
K= ..m coln /2 esen D2 (23d)

The interaction of the tank circuit with the average
models in Figs. 6a and 6h is determined next. If an
arbitrary disturhance in the load current or the input
voltage occurs, it will cause the resonant tank voltage to
becone amplitude modulated which can be written as

Tpe(1) = (V1 [0, (1)) sinwg (24)

in which [7],,,,.(1) is the modulation in the envelope of (1)
which  represents the  base-band  information  in the
arbitrary disturbance.  Since  the modulation in  the
envelope is essentially given by the peak values, it can now
he related to the modulation in the average rectified
voltage, v, which appears at the input side of the output
filter, by a simple extension of Kq. (15)

RV [ () (25)
It follows that the perturbation in the envelope is related
to the perturbation in v, by

P R '

50 = 7 [0],,.00 (26)

I the disturbance is a single-tone modulation of frequency
w,, then the spectra of the varions quantilies in Fgs. (24),
(25) and (26), along with other spectra and the frequency
response of the impedance of the tank, are shown in Fig, 7.

The problem we are now faced with s the
determination of the response of the impedance of the tank
crcuit to the modulated waveform ¥,(4) from which the
pertwhations in the average cwrents i) and i, can be
dedneed. We o begin by examining  the  fundamental
components inoq () and (1) which in steady state e
cqual, as explained in the de analysis, and are given by

(65
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Pigure 7 T'he box on the right shows the iuteraction of the AM
waveforn, Tp(1), with the jlpedance of the resonant filter, Z 5y, to
produce 7p,(t). This problan is solved more easily by studying the

interaction of the baschand signals . and i, with an cquivalent low-

pass filter 29 o as shown in Lhe box on the left.

~ 41 e

::vﬁvw J_N‘ sinn /2 ) sinwgt (27a)
~ 41 .
C::D = - ® ) stnwgt (21H)

A modalation in the average corrent in the feed inductor
and thic output filter inductor can be written as

i)z I (284a)

ips A, w\ (28h)

The modulated fundamentals in Fgs. (27a) and (271h) are
now written as

wﬁvtvu ‘\;:\s._ i) sinn /2 (29a)

sinwl
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The difference between these modulated fundamentals is
given by

(X)1))

Ty = 3G sinabf2 - T sinwyt (30)

whic b can be written in a manner consistent with Eq. (24)
as

T = [ (0) sinwg(t) (31)
in which
[ (D= 330 (32)
and
i G sinabf2 - ) (33)

The modufated current T,(1) flows throngh the resonant
tank in response to the modulation in %g(1) in Fq. (24),
The spectra of - %(t) and 7(t) ave shown in Fig. 7 for
single tone modulation and are simply conneeted by the
frequency response of the impedance of the resonant tank.
Equation  (31) represents  a DSSC (donble  sidehand
suppressed carrier) AM signal which contains the basc-
band information in  the modulation of the average
quantities 7;, and ?j.

The fact that i, is different from zero suggests that
an unpedance must be present across the sccondary of the

lresen /2 transformer in Fig. 6b which relates 7, to @, by

B,(s)

1?'(5) - Z7.p(9)

(1)

The current 7, and the impedance 24 .(s) associated with it
are shown in Fig. 8. Owr objective is the determination of
74 pis) 1 order to complete the small-signal cquivalent
cirenit model. ‘

Fquations (26) and (32) are the key equations
which relate the average gquantities of interest to the
modulation in the envelope of the resonant tank voltage
and cwrrent. The envelope of an AM-modulated signal is
offected only by the frequency characteristics of the tuned
filter in the vicinity of the resonant, or the carrier,
frequency. This is so, because the information in the
cnvelope, which is a base band sigual, is encoded or shifted

upward near the viciiity of the carrier by the AM process.
Furthermore, the spectrum of the information signal in the
envelope s only cffected by the local behavior of the
frequency response of the tank iinpedance in the vicinity of
the carrier frequency, Hence, we seck to deternine an
cquivalent  low-pass  filter  which  interacts  with  the
information in the envelope in the hase-hand region as does
the resonant tank with modulated carrier in the vicinity of
the carrier. The impedance of this equivalent low-pass
filter relates [9),,,,.(0) to [7],,,,.(0 by

R E}uu}.(s) (35)

l
[i),0(5)
and is the base-band version of the local hehavior of t he

impedance o the tank in the vicinity ot the carrier.

According to Fgs. (26), (32), (34) and (35) we have

7 1, pis)

75 p(s) :;.b’z Zy(8) (36)
The hnpedance of e tank is given by

. (11 sCyr (A4 shyfr)p) .
Znnuw): vy 37a
N“( ) h L S("l'b(rc 4 Tl) + 521’0("[‘ s = jw ( )

1 jwCar YA juwly/ry) R
LAY O (371)

1A jwCylr - v) - w/uwg

where w, = 1/ L,Gy and N8B refas to narrow bhand. Next,
the hehavior of Zpyp(jw) near the vicinity of werw, as
function of w is determined by approximating Fqg. (37h) as
follows. ITn the denominator we have

e G )
- 2
wy wy Vo g

(wy - Wwy w) 2wy~ w) oo
e wd ’ FTowg (38)

The two factors in the numerator can be approximated
based on the assumption of a high- Q tanuk as follows
(89a)

LA juyr, = |

Ly juwglg/ry o dwgle/r) (39h)

Substitution of these approximations in Eq. (37h) yiclds

the behavior of the impedance of the resonant tank in the
vicmityof [d,):

Kl

! (40)

v : ~ . €
Anpliw) s 1o jlw- wy)Cir

where

(41a)

(41h)



P 1’0
Zg = J ‘(:0

(41¢)

The base-hand, or the low-pass, varsion of 7y, is oblained
by a shuple downward shift of wy as follows

:

, ) . ; v
Zp (i) s 2y plilw 4 w)) = 14 ju('(»" " (42)
(S 4
It follows from Fq. (36) that
o re !
2109 =y ie * Tl (43)
wheie
Tet o, ;,r 1 " (4*’1&)

(441)

whence it follows that the Z4 p(jw) consists of the parallel
combination of €. and +.. Her wce., the final eapivalent
circuit mwodel is pieced together in Fig. 9. Tricluded in this
model i s the sealing factor of an isolation transformae
which is account ed for by the 1in and 10k, ideal
{1 ansformers shown. | f the primary o f the isolat ion
transformer is center -tapped, as inthe case of thehalf
hridge configaration, then

N,
ko= 2 ; n: % Nf (45a)
1 l]l(flllilllill')’ of the isolation” transformer is not cent -
tapped, asinthe case of the full-bridge configuration, then
N,
L‘(. H 1 ; 7 7\,2 (»’15’))

11 does not matter whether the seccondary of the isolation
transformer is center- ld])p(d ornolas long, astheturn -
ratio is defined as shown iu Fig. 10

~
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Figure 10 Definitions of nandk,.

Fxperimental Results

A Dalf bridge converter was built and the control-to-output
transfer function was me asured. The agreement helween
the expar imental and predicted results is very good and is
shown in Fig. 11. In order to test the model thoronghly, an
input filter (4, and €;) was add ed in o1 der to reveal the
contiibution of the m]mt filtaa to the transfer function
thronghthe conn @or source K1y d on the input side of the
cirenitmodel. 1f a stiff vu]tng,( sonurce wa s u sed instead,
t hen t he control som ce K1 d would Liave been shor ted ont
and the 1odel would have heen verificd only pai tially. The
(ii]) that appears in the tran sfer function is due to the
input filter.

The values of the circuit paramecters ysed, in
refer ence to Fig. 9 and st ill ting from the input, are given
DAL The reset inductor was wound bifilar (0, = n,) so
that f,(D): 2D 1 and ;= 2

Vg 30 1;= LO4Iwmi s 2.81Q €= 20.68ul e F 5

91y = A6 2D- 1= 88 2V 60k, = 688111 k.= 2

L -3 ) VK
wl K =9.357 x 10 csen 1D/2 = 1.0044 Y ]
A vy r
V,d ]'f
O L ge™
< “~C 1, < 2 N N 1,
< >
1 fy)

fz(I)) z csenl)/f2
N .- % cotn D2 csea D /2

(4]

Kou: 7?‘ cotalf2

Figure 9 Small-Signal equivalent circuit model of the PWM-resonant converler,
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Appendix

The  minimmn  critical  inductance is  determined  at
mininnun nput line and mimimmn load conditions  at
which poiut it can be assuied that D~ 1 and M, ~ 1. Also
at this point the voltage waveforins across the input and
t e output inductors have the same shape and difler only
by s factor of Ny/N . The voltage waveforn across 1 1S
shown in Fig. A1 ancis given by

0 - V- l’g;z') sinwg!
The shaded arca represen ts the volt-seconds which take the
ripple current from a peak to peak. The angle wyr, is given
by

V= \’912' sinwgT, =r wr, = .69

{a.1)
The shaded area is given by

7

.
L(ATLY: 2/ V(1= 2 sinwgt)dt (a.2)
o 2

Atthe critical point Ay, = 20, 0 and Bgs. (a.1) and («.2)
yield the minimum entical inductance in Egs. (19a) and

(19D).

Vo, sinw,t
4 {]

‘.'I‘

Figure a.l
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